Purpose This study analyzes the influence of value choices in impact assessment models for human health, such as the choice of time horizon, on life cycle assessment outcomes. Methods For 756 products, the human health damage score is calculated using three sets of characterization factors (CFs). The CFs represent seven human health impact assessment categories: water scarcity, tropospheric ozone formation, particulate matter formation, human toxicity, ionizing radiation, stratospheric ozone depletion, and climate change. Each set of CFs embeds a combination of value choices following the Cultural Theory, and reflects the individualist, hierarchist, or egalitarian perspective. Results We found that the average difference in human health damage score goes from 1 order of magnitude between the individualist and hierarchist perspectives to 2.5 orders of magnitude between the individualist and egalitarian perspectives. The difference in damage score of individual materials among perspectives depends on the combination of emissions driving the impact of both perspectives and can rise up to 5 orders of magnitude. Conclusions The value choices mainly responsible for the differences in results among perspectives are the choice of time horizon and inclusion of highly uncertain effects. A product comparison can be affected when the human health damage score of two products differ less than a factor of 5, or the comparing products largely differ in their emitted substances. Overall, our study implies that value choices in impact assessment modeling can modify the outcomes of a life cycle assessment (LCA) and thus the practical implication of decisions based on the results of an LCA.
Introduction
Value choices within life cycle assessment (LCA), such as the choice of time horizon, are unavoidable. Transparency in value choices and caution about the choices included in the outcome of an environmental assessment is important for decision making, such as policy making and legislation actions (EC 2001 (EC , 2005 . A consistent pattern of value choices throughout the whole decision analysis is required to analyze environmental problems in an accurate way. Moreover, a broader modeling framework that allows both scientifically valid impact assessment modeling and the representation of the decision maker or the human actor's
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Several studies provide guidelines on how to deal with value choices within data collection, such as where to set the system boundaries and how to allocate the inventory data of coproducts (Schmidt 2008; Luo et al. 2009; Ayer et al. 2007; Werner 2005 ; European Aluminium Association 2002). The impact assessment methodologies Eco-indicator 99 (Goedkoop and Spriensma 1999) and ReCiPe 2009 (Goedkoop et al. 2009 ) used the Cultural Theory to define three sets of characterization factors (CFs) reflecting different value choices (considering an individualist, hierarchist, and egalitarian perspective). CFs are used to quantify and aggregate life cycle emissions into damage scores for human health and ecosystem health. The implementation of these three perspectives allows to assess the influence of value choices on LCA results. Each perspective reflects differences in moral beliefs, concerns, and interests that explain one's view on society and nature, and that corresponds to a specific set of values (Schwarz and Thompson 1990; Hofstetter et al. 2000) . De Schryver et al. (2011) further investigated how value choices can influence CFs for a number of human health impact categories (expressed in disabilityadjusted life years (DALY) per unit of intervention) in a consistent way. The impact categories considered were water scarcity, tropospheric ozone formation, particulate matter formation, human toxicity, ionizing radiation, stratospheric ozone depletion, and climate change. Although CFs can change orders of magnitude from one perspective to the other, it is not clear how these differences influence actual LCA results.
The aim of this paper was to analyze the influence of value choices within human CFs (expressed in DALY per unit intervention) on the LCA outcome of a range of products. We calculated the human health damage score, expressed in DALY, using the three sets of CFs developed by De Schryver et al. (2011) . The average relative contribution of each impact category to the human health damage score was calculated per product group and the differences in human health damage scores are presented. Finally, within the discussion, the main choices responsible for different outcomes among perspectives were highlighted and explained.
Methods

Human health impact
The human health damage scores (expressed in DALY) were calculated by applying the CFs from De Schryver et al. (2011) . They used the Cultural Theory to define coherent sets of value choices in the calculation of CFs, reflecting the individualist, hierarchist, and egalitarian perspectives (Thompson et al. 1990; Hofstetter 1998) . By implementing these value choices in existing impact assessment models, they recalculated CFs for interventions related to the impact categories water scarcity, tropospheric ozone formation, particulate matter formation, human toxicity, ionizing radiation, stratospheric ozone depletion, and climate change. Following the Cultural Theory, (1) the individualist perspective coincides with the view that mankind has a high adaptive capacity through technological and economic development, that known damages are the most reliable basis for decisions and that present effects are more important than future gains or losses; (2) the hierarchist perspective coincides with the view that impacts can be avoided with proper management, that the choice of what to include in the model is based on the level of (scientific) consensus and that time perspective is balanced; and (3) the egalitarian perspective coincides with the view that nature is fragile and unstable, that a worst case scenario is needed (the precautionary principle) and that a long time perspective is justified. Table 1 presents a summary of the different choices taken by each perspective. Further information regarding the methodological choices reflecting these perspectives can be found in De Schryver et al. (2011) .
Life cycle inventory dataset
For all impact categories, except water scarcity (details see Electronic supplementary material (ESM) 1), the inventory data were directly taken from the ecoinvent 2.01 database (Ecoinvent Centre 2007) . This database contains consistent and well-documented life cycle inventory data for over 4,000 life cycle inventory datasets, covering activities and products which are mostly interlinked with each other. To reduce data interdependency, the products selected for the analysis are those at the start of the production chain, such as "at farm" for agricultural products or "at plant" for building materials, and those with a wide geographical preference, such as global or European location. In total, 756 products, from cradle to gate, were included in our analysis and sorted in seven product groups: agricultural products, building materials, chemicals, electronics, metals, paper and board, and plastics ( Table 2 ). The full list of products included in this analysis is given in ESM 2.
Ecoinvent includes inventory data for water withdrawal but not for water consumption. The human health damage calculation for water scarcity is based on the amount of water consumed, i.e., the amount of water withdrawal that is evaporated, integrated into the product or displaced to another watershed or the sea, and therefore does not go back to the same watershed. Within the inventory data of the 756 products, default consumption fractions were calculated, reflecting the amount of water consumed from the total amount of water withdrawn. For irrigation of agricultural products, we calculated that 70 % of the water withdrawal is consumed (Shiklomanov 1999; Unesco 2001; ABS 2004) ; for industrial cooling, we selected a "once-through" cooling system with 1 % water consumption (Water and Sustainability 2002; Yang and Dziegielewski 2007) and for industrial processing we assumed 10 % of water withdrawal to be consumed (Environment Canada 2004; Solley et al. 1998; Unesco 2001) . For electricity production, water consumption values (l/kWh) are used for cooling water that results in 9.0·10 −4 to 2.7·10 −3 m 3 of water evaporation per kilowatt hour (Water and Sustainability 2002; Ecoinvent Centre 2007), depending on the type of power plant. For turbine water use, the water consumption is 3.5·10 −3 m 3 /kWh for alpine dams and 10 times higher for non-alpine dams because of the lower water drop (Stewart and Howell 2003; Bauer et al. 2007 ). Details on the calculations are given in ESM 1.
Alignment data inventory and characterization factors
To ensure an appropriate link between data inventory and CFs, the following calculation rules were adopted:
1. The CFs for biogenic carbon dioxide uptake and emissions were set on zero, considering an equal uptake and release balance (Cherubini et al. 2009; Gnansounou et al. 2009 ). 2. For water scarcity, De Schryver et al. (2011) present region-specific CFs. By using the country-specific water consumption as a weighting factor, a European average CF is calculated and applied to all water consumption values in the inventory dataset, except electricity production and agricultural products. For the latter two, region specific CFs were used. More information on the CFs for water scarcity is given in ESM 1 (see Tables 1, 2 , and 3). 3. For heavy metal emissions to agricultural soil, the inventory data includes the removals through uptake by harvested products, leaching, and erosion (Nemecek et al. 2007) . As no appropriate impact assessment method exists which characterizes human toxicity impacts for metal uptake from agricultural land, expressed in DALYs, the net heavy metal emissions to agricultural soil are excluded from the analysis. 4. For each group of substances (defined as sum parameters; e.g., aldehydes unspecified and hydrocarbons (Lorenzoni et al. 2005) , or the level of legislation, education and research which can increase protection and prevention c Demographic developments, population displacements, changes in gross domestic product, years of schooling and technology changes alter the sensitivity, size and age composition of the population Tables 4  and 5 ).
Data analysis
The calculated damage scores for each perspective were analyzed in two ways. First, the substance contribution and average relative contribution of each impact category to the human health damage score was calculated and presented per perspective and product group. Second, the Bland-Altman statistical approach was used to define systematic differences between the scenarios Altman 1986, 1999) . In a Bland-Altman plot, for each product the difference between the damage scores of two scenarios is plotted against the average damage score. This type of statistical approach is commonly used in clinical studies (e.g., Euser et al. 2008; Renehan et al. 2003 ) and provides direct information about the absolute difference between calculation methods. It also allows investigating whether the difference between scenarios is randomly distributed within the dataset. Because the data extent over several orders of magnitude, both differences and average damage scores are calculated after log transformation of the data (Bland and Altman 1999) .
Results
Relative contribution
Out of an emission list of more than 600 substances, fewer than 50 substances contribute more than 5 % to the total human health damage score for each of the products. The list of substances contributing with more than 5 % is presented in ESM 1, Table 6 . Figure 1 shows the average share of each impact category in the human health damage score per product group. ESM 2 presents the CFs calculated per product, for each impact category and perspective. Depending on the perspective, the damage is mainly driven by the impact categories particulate matter formation and/or climate change. For a number of product groups following the hierarchist and egalitarian perspectives, human toxicity also plays a role. Specifically for agricultural products, the share of water scarcity in the human health damage score is relevant within the hierarchist and individualist perspectives (5-7 % on average), particularly for irrigated products in water stressed countries (e.g., water scarcity accounts for 97 % of the damage score of jute production in China). All other impact categories contribute, on average, to less than 2 % of the human health damage scores. The impact scores from climate change (ESM 2) show the largest difference between perspectives, namely up to 3 orders of magnitude between the egalitarian and individualist perspectives. Carbon dioxide is for more than 90 % of the products the dominating greenhouse gas for all three perspectives (impact >70 %), except for agricultural products. Fig. 1 The average relative contribution of each impact category to the human health damage score (in percent), per perspective for all products and per product group. Agric.prod. agricultural products For agricultural products, climate change is mainly driven by dinitrogen monoxide when following an individualist or hierarchist perspectives, and carbon dioxide when using an egalitarian perspective.
The impact scores for particulate matter formation show a difference of maximum 1.8 orders of magnitude among perspectives. For the individualist perspective, the impact mainly originates from primary fine particulate matter (particulates smaller than 2.5 μm, PM 2.5 and particulates between 2.5 and <10 μm, PM 10-2.5 ). For the hierarchist perspective, the impact mainly derives from primary fine particulate matter and sulfur dioxide which are considered to be relevant for this perspective. For the egalitarian perspective, all types of particulates are considered to be relevant and the main impact derives from sulfur dioxide and nitrogen oxide emissions.
For human toxicity, the human health damage score is mainly driven by metal emissions, independent of the perspective chosen. For the product groups "chemicals", "electronics", "metals", and "paper and board" human toxicity shows the highest contribution, on average, with 12-26 % of the human health damage score for the hierarchist perspective.
Bland-Altman statistics
Figure 2 presents three Bland-Altman plots showing the difference in the logarithmic human health damage scores across the three perspectives, together with the 95 and 75 % confidence intervals. Note that the inverse logarithmic differences in human health damage scores provide ratios between perspectives (Bland and Altman 1999) . For all plots, the difference among perspectives is randomly distributed within the dataset. The egalitarian and individualist perspectives represent the two most distinct perspectives, with an average ratio in damage scores of 280. The ratio varies from this by up to a factor of 7 with 75 % confidence, or by up to a factor of 30 with 95 % confidence. The egalitarian and hierarchist perspectives show an average ratio in damage scores of 30-the ratio varies from this by up to a factor of 4 with 75 % confidence, or by up to a factor of 10 with 95 % confidence. The hierarchist and individualist perspectives show the lowest average difference in log damage scores, i.e., an average ratio in damage scores of 10. In this case, the ratio varies from this by up to a factor of 5 with 75 % confidence, or by up to a factor to 16 with 95 % confidence. Products showing a ratio in damage scores outside the 75 and 95 % confidence intervals are mainly chemicals and metals. Average differences and confidence intervals per product group are given in ESM 1 (Table 7) .
Discussion
Uncertainties
Despite the efforts to make a complete and overall analysis, uncertainties are present within the life cycle inventory dataset and in the alignment of inventory data and CFs. The lack in alignment is due to both missing inventory data (such as regional specific CFs for water consumption) and missing CFs (such as missing CFs for heavy metal uptake from agricultural products).
Within this study, impacts are calculated by combining total emission data with average (nonregion specific) CFs, except for water scarcity. For water scarcity, regional specific CFs are applied for agricultural and electricity water consumption. Further regionalization would improve the impact assessment, particularly for water consumption in all life cycle inventory datasets as well as for emissions for particulate matter and ozone formation.
An additional source of uncertainty is the water consumption values applied for industrial cooling and processing. Within industry, processing and cooling water consumption is reported as a single value with variations ranging from 2 % for the primary textile sector to 29 % for the transport equipment sector (Environment Canada 2004) . Based on this, for industrial processing a default consumption fraction of 10 % is assumed. For industrial cooling, no specific data was found and thus a default consumption fraction of 1 % is used assuming a "once-through" cooling system as within electricity production (Water and Sustainability 2002). Overall, the water scarcity impact results should be interpreted as a first approximation.
For heavy metal emissions to agricultural soils, the inventory data and characterization factors for human toxicity do not match. While the inventory data provides the uptake of heavy metals by agricultural products, no CFs exist that quantify the human toxicity impact from this step on. Therefore, the characterization of heavy metal impacts on agricultural soil was not considered in the analyses. This results in an underestimation of the human toxicity impact for the product group "agricultural products", in particularly for the egalitarian and hierarchist perspectives as these perspectives have high CFs for metal emissions.
Within the impact category "particulate matter formation", the CF of PM 10 is based on Van Zelm et al. (2008) and applied to both PM 2.5 and PM 10−2.5 . Particularly for the individualist perspective, PM 10 is an important contributor to the human health damage score, where the damage from PM 2.5 and PM 10−2.5 are equally presented. The inclusion of human health effects of different sizes of PM 10 would be necessary to refine the results (Reiss et al. 2007 ).
Furthermore, degradation products (e.g., the degradation from methane to carbon dioxide) are not included in the applied CFs not in the inventory dataset. For fossil emissions, this results in a slight underestimation in the calculated human health damage scores. Finally, not all human health impacts were considered in this assessment, due to lack of life cycle inventory data and CFs. Impacts, such as those from noise and indoor air emissions, should be included in order to improve the human health damage calculations.
Interpretation
Bearing in mind the aforesaid uncertainties and limitations in the application of the methodology, for 756 products the calculated human health damage scores (using three sets of CFs) are interpreted and discussed below.
The magnitude of the difference among perspectives is determined by the combination of interventions driving the impact of both perspectives. For most of the products included, the value choice mainly responsible for the differences among perspectives is connected to the characterization of climate change, i.e., the choice of time horizon for carbon dioxide. For products driven by human toxicity or particulate matter formation, however, an important value choice is the accepted level of knowledge (see Table 1 ). For particulate matter formation, evidence concerning human health risks at ambient concentrations of secondary PM from sulfur dioxide, nitrogen oxides, and ammonia is available, although the level of effect is still being debated and therefore excluded for the individualist perspective. For human toxicity, exposure routes of metals through bioaccumulation are highly uncertain and therefore only included for the hierarchist and egalitarian perspectives, and excluded for the individualist perspective.
Particularly, large absolute differences between the perspectives are caused by emissions of long-living greenhouse gasses, such as sulfur hexafluoride (life time of 3.2·10 3 years) and tetrafluoromethane (life time of 5.0·10 4 years). These are responsible for large differences in human health damage scores, up to 1 order of magnitude above the average difference among the egalitarian and the other two perspectives. Again, this is mainly due to the choice of time horizon. Sulfur hexafluoride or tetrafluoromethane emissions related to magnesium or aluminum production contribute with more than 60 % to the human health damage score of the egalitarian perspective and are responsible for a ratio difference in human health damage score among perspectives above the 95 % confidence interval. For very specific emissions, such as mercury emissions during the production of liquid mercury, large differences between the individualist and hierarchist or egalitarian perspectives appear due to the choice of including or excluding bioaccumulation. The same holds for products emitting substances with highly uncertain effects, such as secondary effects of SO 2 for particulate matter. In this case, the large difference between the individualist and hierarchist perspectives is caused by the choice of including or excluding uncertain effects.
On the contrary, human health damage scores show minimal differences among perspectives when the impact is driven by rather short-lived substances with certain effects such as particulate matter emissions (PM 2.5 or PM 10−2.5 ). For particulate matter, the difference among perspectives derives from the choice of discounting years of life lost in the future (discount rate) and in allocating a higher importance to a year of life at economically more relevant ages (age weighting; De Schryver et al. 2011) . The difference between the egalitarian and other two perspectives is the smallest when the impact of particulate matter contributes with more than 10 % to the results for the egalitarian perspective.
Should the comparative damage scores of two products differ more than a factor of 30, we can be 95 % confident that such ranking will not be influenced by the choice in perspective. If we accept 75 % confidence, the relevant ratio of damage scores is reduced to 7. Furthermore, product ranking is minimally influenced when the products are based on common underlying processes, such as the electricity mix. The chosen perspective can be influential, however, if material inputs with their corresponding emissions differ largely between production processes. An example is the comparison between corrugated kraftliner board and chipboard. Corrugated kraftliner board has relatively high PM10 emissions, mainly from direct emissions (65 %) and electricity (11 %). This results in a higher human health damage score compared to chipboard when an individualist perspective is applied. In contrast, chipboard has relatively high CO2 emissions, mainly from direct fossil emissions (33 %), electricity use (24 %), and disposal of plastic (11 %). This results in a higher human health damage score compared to corrugated kraftliner when an egalitarian perspective is applied.
Conclusions
We can conclude that value choices in impact modeling have direct implications for LCA outcomes. Human health damage scores can vary by up to 4 orders of magnitude between the individualist and egalitarian perspectives; and the value choices responsible for the large differences in results are the choice of time horizon and including or excluding highly uncertain effects.
The choice in perspective can alter the ranking of a product comparison when (1) the human health damage scores of two products differ less than a factor of 7 (75 % confidence interval) whatever the perspective chosen and (2) the comparing products are based on largely different underlying processes and corresponding emissions (long living versus short living substances). The most important contradicting substances are carbon dioxide (or other long living substances) versus particulate matter (PM 2.5 or PM 10−2.5 ).
Therefore, when comparing the results from different studies, it is not only the different system boundaries and applied assumptions that are important, but also the perspective used within the applied methodology. Overall, our study implies that value choices in impact assessment modeling can modify the outcomes of an LCA and thus the practical implication of decisions based on the results of an LCA.
